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Neurons generate diverse firing patterns to perform a
range of specialized tasks. Experiments show that many
features of these firing patterns arise from distinctive
membrane properties, but theoretical work predicts that
differences in neuronal morphology are also important.
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Understanding the relationship between structure and
function is a classic biological problem. Nowhere is this
issue more intriguing than in the brain, which contains
thousands of different types of neuron with forms ranging
from the boring to the baroque [1]. Experiments with
microelectrodes, dye injections and molecular markers are
producing a multidimensional taxonomy of vertebrate
neurons. Different types of neuron, classically defined by
their unique morphologies, are also distinguished by their
repertoire of ion channels and their characteristic output
firing patterns [2]. Presumably, such diversity reflects the
adaptation of each type of neuron to its unique role in the
nervous system. What factors, apart from the patterns of
input stimuli, determine the output patterns of each
neuron? Experimental studies have usually concluded that
differences in specific membrane properties produce the
distinctive firing patterns of neurons. But computer
models show that form alone may play an important role in
determining a neuron’s intrinsic function [3,4].
Eclectic structure and function of neurons 
Although most vertebrate neurons share a common
topology, which includes a rounded cell body projecting
multiple dendrites and a single axon, there are countless
variations on this theme. Dendrites in particular vary
widely in number, length, diameter, scaling, branching
complexity and surface smoothness. This is exemplified by
the two neurons illustrated in Figure 1a, which are from
the cerebral neocortex. The shape of a dendritic arbor is
determined by many factors, notably the need to collect
inputs from particular types and numbers of synapses.
Each cell type’s firing pattern may be as distinctive as its
morphology. Such patterns, expressed across many
neurons, constitute the brain’s codes — most of which
remain unbroken — for information about sensations,
movement, cognition, emotions and recalled memories. 
One simple way to probe the firing properties of neurons
is to inject current pulses into single cells and observe the
patterns of action potentials that result from this artificial
stimulus. The results are striking — the firing patterns,
which result only from each cell’s intrinsic properties and
not from its synaptic connections, are as varied and
stereotyped as their dendritic patterns. The experienced
eye can look at a few voltage records and know immedi-
ately whether they came from a cerebellar Purkinje cell, a
thalamic relay neuron, an inferior olivary cell or a hip-
pocampal pyramidal cell. Different types of neuron
within a given brain area may also fire distinctively. In
the neocortex, for example, some inhibitory stellate cells
can generate repetitive action potentials and sustain
exceptionally high firing rates. Many excitatory pyramidal
cells can initially fire rapidly, but with time their rate
adapts to much lower sustained levels (Fig. 1b); and some
large pyramidal cells yield complex, periodic patterns of
action-potential bursts (Fig. 1c) [5]. 
The taxonomy of neurons is far from complete, but we
know already that it is complex and dynamic. For example,
the subtypes of inhibitory stellate cell in the neocortex
differ from one another in both form and physiology [6].
Neuronal firing properties can be quickly and dramatically
altered by the effects of neuromodulators [7] or prolonged
action-potential activity [8]. And both form and function
change systematically during neuronal development [9].
Models
When neurons have such elaborate shapes and contain so
many types of ion channel, how can we determine the
contribution of morphology to a neuron’s firing proper-
ties? Useful experimental tools include microelectrodes,
drugs that block specific types of channel, and optical
methods for making regional measurements of ion con-
centrations. Ultimately, however, cells are so complex
that a more complete understanding requires mathemati-
cal models that incorporate the empirical data. Powerful
computer programs greatly simplify this task today [10].
They allow neurons to be represented as a series of small,
connected, membrane-bound compartments, each with its
own assortment of ion channels. 
But such computer models can be extraordinarily compli-
cated; typical models of a single cortical neuron use hun-
dreds of compartments and around ten different voltage-
and Ca2+-gated ion channels. As quantitative experimental
data on the distributions and densities of ion channels are
scant, it may be difficult or impossible to constrain such
models adequately. The modeler thus has the freedom to
obtain a wide variety of outputs, and a model may become
as inscrutable as the real neuron it mimics. 
Fundamental insights have sometimes emerged when
experimental results were combined with a greatly
simplified model. In some cases, the extended structure of
a neuron has been disregarded and the cell modeled as a
single electrochemical compartment. The classic example is
Hodgkin and Huxley’s mathematical description of action
potentials in the squid giant axon [11]. In many cases,
however, cell geometry and the spatial distribution of ion
channels are important, and single-compartment models are
clearly inadequate. For example, adding a sudden diameter
change or a branch point to the simple squid axon model
can lead to surprisingly complex behavior [12]. Shape is also
essential to understand large pyramidal cells from area CA3
of the mammalian hippocampus. These CA3 cells can fire
in rhythmic bursts, because the dendrites generate slow,
Ca2+-dependent action potentials that depolarize the soma
sufficiently to trigger clusters of fast, Na+-dependent action
potentials [13].
A model developed by Pinsky and Rinzel [3] captures many
crucial features of the firing of CA3 pyramidal cells (Fig.
1d). The model requires only two compartments — a soma
segment with voltage-gated Na+ and K+ channels, coupled
to a dendritic segment with Ca2+ channels and two types of
K+ channel. Despite the apparent simplicity of this model,
it is capable of an extraordinary number of firing patterns.
Although the firing patterns depend strongly on the distrib-
ution of membrane ion channels, they are also determined
by two parameters that have nothing to do with ion chan-
nels: the coupling conductance between the two compart-
ments, and the ratio of the somatic area to dendritic area.
Although these two parameters are slightly abstract, they
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Figure 1
Forms and functions of vertebrate neurons.
(a) Two cortical neurons with very different
morphologies. Each has a cell body (green),
from which two types of elongated process
extend: multiple dendrites (blue) and one axon
(red). Dendrites are the input sites where the
axons of other neurons terminate and form
synapses; when the synapses are activated,
ionic current flows across the membrane
locally, generating transmembrane potential
changes that can propagate down the
dendrites and into the soma. The axon is the
output structure, and geometry dictates that
the soma and the initial segment of the axon
are a nexus through which all incoming
synaptic signals must funnel (Data of L.J.
Cauller, I. Bulthoff and B.W.C.). (b) The firing
of a ‘regular-spiking’ pyramidal neuron in
response to an injected current pulse. (c) The
response of an ‘intrinsically bursting’
pyramidal neuron. (The data in (b) and (c) are
from [16].) (d) A two-compartment model
neuron [3]. The larger compartment
represents all the dendrites lumped together,
and the smaller compartment represents the
soma and the initial segment of the axon. The
two compartments are coupled by a variable
electrical conductance, and each has a
different complement of ion channels (Ix).
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can be thought of as analogs of the ease of current flow
between dendrites and soma, and the relative size of the
dendrites. When the model has a large coupling coefficient
and a large area ratio, it simulates a cell with short dendrites
that communicate well with the soma; such a model gener-
ates tonic, steady patterns of action potentials. If both the
coupling coefficient and the area ratio are small, the simu-
lated cell has many long dendrites that are poorly coupled
to the soma; in this case it tends to generate rhythmic bursts
of action potentials. The basic message from this simple
model is clear — that the morphology of a neuron may pro-
foundly influence its firing patterns. 
Mainen and Sejnowski [4] have recently reexamined the
relationship between morphology and firing properties for
cells in the neocortex. They used the simulation software
Neuron, developed by Michael Hines [10], together with
digitized reconstructions of small and large pyramidal and
stellate cells, which were provided by several other
laboratories. Although the morphology of these cells was
known with some precision, the properties and distribu-
tions of their ion channels were not. For simulation pur-
poses, each cell was divided into dozens of compartments,
and all were assigned a standardized ion channel motif
based on the investigators’ best guesses. The multi-
compartment models confirmed the predictions of the
simpler two-compartment models: different cells, with
various morphologies but the same channel distribution,
generated a range of firing patterns reminiscent of the
behavior of their real-life counterparts.
Observations and predictions 
Theories live or die by their power to explain observations
and to make testable predictions. But the influence of
dendritic structure on intrinsic firing patterns has not yet
been tested experimentally. How can recent theoretical
predictions [3,4] about the effect of morphology on firing
patterns be tested? The most critical prediction is that
morphologically dissimilar neurons with similar membrane
properties should have different firing patterns. Tests of
this are hindered by the substantial challenge of quantify-
ing specific membrane properties in subregions of
neurons. We already know that different types of neuron
can have widely varying ion channel distributions in their
dendrites [14,15], and that neuronal form alone cannot
explain the diverse firing patterns of central neurons
[2,5,7]. No one has yet performed the obvious, but still
tricky, experiment of measuring firing patterns in the
same neuron before and after removing or electrically
isolating some of its dendrites. 
The beauty of a model neuron is that your observations and
manipulations of it are limited only by your imagination
(and programming skills). If we were to imagine the experi-
mental techniques that would help to resolve the question
of how form and function are related in real neurons, they
might include fast, quantitative imaging of membrane
potential across an entire cell using voltage-sensitive dyes,
high-resolution molecular labeling to identify patterns of
ion channel types and densities, a way of manipulating a
cell’s ion channel expression patterns, the ability to change
a cell’s internal resistivity, and a way of delivering precise
stimuli to any part of the dendrites. Fortunately, all of these
may soon be possible. The data they generate will help to
constrain and refine both simple and complex model
neurons, and ultimately help someone to determine, with
confidence, whether function follows form. 
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